Introduction
============

Renal ischemia/reperfusion (I/R) injury is the primary etiopathological phenomenon that leads to acute renal failure or multiple organ failure in patients with renal transplant or renal resection ([@b1-mmr-16-02-1810],[@b2-mmr-16-02-1810]). Acute kidney injury (AKI) is an additional consequence of renal I/R injury, and is responsible for the high number of patients with long-term kidney dysfunction that require intensive medical care ([@b3-mmr-16-02-1810]). Renal I/R injury is characterised by a pathological phenomenon associated with restriction in the blood supply to the kidney, which leads to limited arterial blood flow and an imbalance in the supply of metabolites thatleads to tissue hypoxia ([@b4-mmr-16-02-1810]--[@b10-mmr-16-02-1810]). A reperfusion procedure is employed to restore blood flow and reduce further tissue injury and reduce the inflammatory response ([@b11-mmr-16-02-1810]). Recent advancements in treatment strategies have failed to address the issue of morbidity and mortality in patients undergoing renal transplant ([@b12-mmr-16-02-1810]). Notably, higher mortality rates have been observed in males than females ([@b13-mmr-16-02-1810]). The pathogenesis of renal I/R injury involves a complex combination of inflammation, oxidative stress, autophagy, apoptosis and immunological pathways ([@b14-mmr-16-02-1810]--[@b16-mmr-16-02-1810]). A cascade of inflammatory cytokines, such astumour necrosis factor-α (TNF-α) and interleukin (IL)-6, have been demonstrated to initiate the recruitment of leukocytes and additional antigen presenting cells that induce a potent immune response ([@b17-mmr-16-02-1810],[@b18-mmr-16-02-1810]). In addition, renal vascular endothelial cells have been demonstrated to serve a dominant role in recruiting immune cells ([@b19-mmr-16-02-1810]). However, the precise series of events that initiates an inflammatory cascade and subsequent renal damage remains unknown.

Autophagy is an important mechanism by which eukaryotic cells maintain homeostasis in response to various types of stress ([@b20-mmr-16-02-1810],[@b21-mmr-16-02-1810]). Autophagy is characterised by the presence of an autophagosome; a double-layer membrane organelle in the cytoplasm that breaks down dysfunctional cells, proteins and cell organelles via fusion of the autophagosome with lysosomes, enzymatic digestion proteins or organelles ([@b22-mmr-16-02-1810]). Niclosamide is an inhibitor of the signal transducer and activator of transcription 3 protein that suppresses phosphorylationof signal transducer and activator of transcription 3at the Tyr705 site, and is an approved anthelmintic drug ([@b23-mmr-16-02-1810],[@b24-mmr-16-02-1810]). A previous study demonstrated that niclosamide is a potent enhancer of autophagy and induces mitochondrial fission ([@b25-mmr-16-02-1810]). In addition, nuclear factor-κB, reactive oxygen species, Notch, Wnt/β-catenin and mechanistic target of rapamycin complex 1 are additional factors targeted by niclosamide, which suggests that the drug may be useful for the treatment of a number of disorders ([@b26-mmr-16-02-1810]). Previous studies have demonstrated that inductionof autophagy in the proximal (and associated) region of renal tubules during renal I/R injury and acute kidney diseasemay have beneficial effects on the renal tissue ([@b27-mmr-16-02-1810]--[@b29-mmr-16-02-1810]). Therefore, it is necessary to investigate the autophagic properties of niclosamide in a model of renal I/R injury. The present study was performed to investigate the *in vivo* effects of niclosamide in a rat model of renal I/R injury, and to examine the possible mechanisms of action.

Materials and methods
=====================

### Animals

All animal procedures were performed according to the guidelines of the Care and Use of Laboratory Animals ([@b30-mmr-16-02-1810]), and were approved by the Animal Ethical Care and Use Committee of the Tangshan Gongren Hospital (Tangshan, China). A total of 40 male Sprague-Dawley (SD) rats (8 week old, weight 220--250 g) were purchased from the Chinese Academy of Medical Sciences (Beijing, China). Rats were housed in a 12:12 h light:dark cycle (lights on 6am-6pm) with controlled temperature (21±2°C) and humidity (60±10%). Sterile water and food were provided to the rats ad libitum.

### Experimental design

The SD rats were randomly divided into the following 5 treatment groups (n=8 in each group): Sham group; renal I/R injury; renal I/R injury plus 3-methyladenine (3-MA) treatment (15 mg/kg); I/R injury plus niclosamide (25 mg/kg); and I/R injury plus rapamycin (10 mg/kg). Niclosamide, 3-MA and rapamycin were sourced from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Following drug treatment for 24 h, biopsies of the kidney tissue were taken to examine the level of autophagosome-associated marker proteins, including microtubule-associated protein 1A/1B light chain 3B (LC3-II), beclin-1, Rab7 and lysosome-associated membrane protein 2 (LAMP2) by western blotting analysis. For biochemical analysis, blood was obtained from the inferior vena cava, and kidney function parameters were measured at 24 h following the I/R injury induction. For measurement of cytokine levels, kidney samples were obtained following sacrifice.

### Induction of I/R injury in rats

The rats were anaesthetised using 10% chloral hydrate (Sigma-Aldrich; Merck KGaA), at a dose of 400 mg/kg. For I/R injuryinduction, the flank incision method was performed ([@b31-mmr-16-02-1810]). Briefly, the rats were first injected with 30 mg/kg of sodium pentobarbital (Sigma-Aldrich; Merck KGaA), followed by a flank incision to remove the right kidney. Using a small vascular clip, the left renal artery and vein were clamped for 30 min prior to removal, in order to replicate the reperfusion procedure. Using a sterile suture, the abdomen was closed. Throughout the experiments, the rats were maintained at 32°C and hydrated with normal saline. A blood and kidney biopsy was conducted 24 h aftercompletion of the reperfusion procedure. In the sham group, the identical surgical procedures were performed, but without renal artery and vein clamping. Kidney injury score was determined following the previous report ([@b32-mmr-16-02-1810]).

### Histological analysis

Kidney tissues were extracted from rats in all treatment groups (24 h after treatment) following intraperitoneal injection of chloral hydrate (300 mg/kg). The kidney tissues were stained with Masson\'s trichrome to analyze alterations in the tissue morphology ([@b30-mmr-16-02-1810],[@b33-mmr-16-02-1810]). Three independent pathologistsanalysed three different tissue sections from rats in each treatment group. Samples were examined under aZeiss Axio Imager A2 m microscope (Carl Zeiss AG, Oberkochen, Germany). The evaluating pathologist was blinded to the study groups.

### Assessment of renal function

Following treatment of rats for 24 h, blood samples were obtained from rats in all experimental groups. Serum creatinine and blood urea nitrogen (BUN) levels were evaluated using the Samsung LABGEOPT10 clinical chemistry analyzer (Samsung, Seoul, South Korea) according to the manufacturer\'s protocol.

### Western blot analysis of LC3-II, beclin-1, Rab7 and LAMP2 expression

Proteins from the renal issue were extracted using M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and quantified using a Protein Assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer\'s protocol. Proteins (10 µg) were separated by 12% SDS-PAGE and subsequently transferred to polyvinylidene fluoride membranes. Blots were blocked in 5% skimmed milk for 2 h at room temperature and then incubated withthe following primary antibodies: Beclin-1 (1:1,000; no. 3738; Cell Signaling Technology, Inc., Danvers, MA, USA,), LC3-I/II (1:1,000; no. ABC929; EMD Millipore, Billerica, MA, USA), RAB7 (1:1,000; ab137029; Abcam, Cambridge, UK), LAMP-2 (1:500; ab203224; Abcam), and beta-actin (1:1,000; ab8227; Abcam) overnight at 4°C. The membranes were washed in PBS 4--5 times and incubated withhorseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:2,000; no. ab6721; Abcam) for 2 h at room temperature. The Amersham ECL Western Blotting Detection kit (GE Healthcare Life Sciences, Chalfont, UK) was used todetect protein expression.

### Measurement of TNF-α, high mobility group box 1 (HMGB1), IL-6 and IL-10 cytokine levels

Using a tissue homogenizer (Thomas Scientific, Swedesboro, NJ, USA), a tissue lysate was prepared and cytokine levels were estimated using commercially available ELISA kits from R&D Systems, Inc. (Minneapolis, MN, USA) for rat TNF-α (no. SRTA00), IL-6 (no. PR6000B), IL-10 (no. DY522) or the Cloud-Clone Corp. (Houston, TX, USA) for rat HMGB1 (no. SEA399Ra). Experiments were performed and measured according to the manufacturer\'s protocol.

### Immunofluorescence detection of beclin-1-labelled autophagosomes in renal tissues

Kidney samples were obtained from the following five treatment groups: Control group (sham I/R injury); I/R group; the 3-MA treatment group; the niclosamide treatment group; and the rapamycin treatment group. Tissue samples were processed for immunofluorescence staining for beclin-1 expression using the standard procedure ([@b34-mmr-16-02-1810]). Briefly, kidney tissueswere fixed in 4% paraformaldehyde overnight and embedded in paraffin. From the paraffin blocks, 5-µm sections were cut using a steel microtome. The paraffin sections were then deparaffinised and incubated overnight with a polyclonal anti-beclin-1 antibody (1:200; ab217179; Abcam) overnight at 4°C. Sections weresubsequently labeled with anti-rabbit Alexa Fluor-488-labeled secondary antibody (no. A32723; Thermo Fisher Scientific, Inc.) at room temperature for 2 h. Photomicrographs were obtained using the Zeiss Axio Imager A2 m microscope with a florescence filter (magnification, ×40; Carl Zeiss AG).

### Ultrastructural studies

Kidney tissue samples (size, 1 mm3), consisting of a section of renal cortex and outer medulla, were obtained from the following treatment groups: Control group (sham I/R injury); I/R group; the 3-MA treatment group; the niclosamide treatment group; and the rapamycin treatment group. They were subsequently fixed in 4% paraformaldehyde and 1% glutaraldehyde in a 0.1 M phosphate buffer (pH 7.3) for 12 h at 4°C, before they were washed in sodium cacodylate buffer. The tissues were post-fixed in 1% aqueousosmium tetroxide (OsO~4~) solution for 2 h at 4°C. Tissues were then dehydrated using a graded ethanol series, before they were embedded in standard Spurr resin (Sigma-Aldrich; Merck KGaA). Finally, 60--90-nm thick sections were stained using uranyl acetate and lead citrate, and were examined under a Hitachi H-7500 Transmission Electron Microscope equipped with a Gatan 780 dual-view CCD camera (Hitachi, Ltd., Tokyo, Japan). Samples were visualised under ×1,000 and ×10,000 magnifications. The autophagic vacuoles/100 µm of cytoplasm were evaluated using AxioVision 4 software (v 4.8; Zeiss GmbH, Jena, Germany).

### Statistical analysis

Statistical analysis was performed using the SPSS software (version 15.0; SPSS Inc., Chicago, IL, USA). To compare the variation of data among groups, one-way analysis of variance was performed, followed by Fisher\'s least significant difference test for multiple comparisons. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Expression of autophagy-associated protein in the renal tissues of rats with renal I/R injury

To evaluate kidney function following I/R injury and to establish a possible association with enhanced autophagy, westudied the expression of autophagy-associated proteins, beclin-1 and LC3-II. Rapamycin was used as positive control, as it is a known activator of autophagy, whereas 3-MA was used as inhibitor of autophagy. An increase in the protein expression levels of beclin-1, LC3-II, LAMP2 and Rab7 in the kidney tissuesfrom rats with renal I/R injury was observed. Treatment with niclosamide resulted in an increase in the expression of beclin-1, LC3-II and lysosome-associated proteins LAMP2 and Rab7, when compared with the sham group (P\<0.05; [Fig. 1](#f1-mmr-16-02-1810){ref-type="fig"}). After 24 h of treatment with niclosamide, the increase in the expression of all autophagy-associated markers was comparable with rapamycin treatment ([Fig. 1](#f1-mmr-16-02-1810){ref-type="fig"}). As expected, a significant reduction in the expression of beclin-1 and LC3-II was observed following treatment with 3-MA compared with the niclosamide- or rapamycin-treated groups. In addition, treatment of rats with I/R injury with 3-MA demonstrated a reduced expression of lysosome-associated proteins LAMP2 and Rab7 compared with the niclosamide- or rapamycin-treated groups, which correlated with the results of subsequent histopathological and electron microscope studies.

### Effect of niclosamide on histological alterations and cytokine expression in rats with renal I/R injury

In order to determine the association between renal function with inflammation-mediated autophagy, the levels of pro-inflammatory cytokines TNF-α, IL-6, HMGB1 and the anti-inflammatory cytokine IL-10 were measured. Treatment with niclosamide and rapamycin was associated with a reduction in the levels of pro-inflammatory cytokines and an increase in the levels of anti-inflammatory cytokines (P\<0.05, [Fig. 2A-D](#f2-mmr-16-02-1810){ref-type="fig"}). As expected, an increase in the levels of pro-inflammatory cytokines and a decrease in the levels of anti-inflammatory cytokines were observed in the renal tissues of rats treated with the autophagy inhibitor 3-MA compared with the sham group (P\<0.05, [Fig. 2A-D](#f2-mmr-16-02-1810){ref-type="fig"}). These results suggest that induction of autophagy may be associated with increased levels of IL-10 and decreased levels of pro-inflammatory cytokines.

Alterations in the histological profile of kidney samples following treatment with niclosamide, 3-MA and rapamycin were subsequently examined. There was a protuberance in epithelial cells, corticullary and medullary regions, loss of nuclei and degeneration of vacuoles in the kidney tissue of the 3-MA, niclosamide and rapamycin-treated animals with I/R injury ([Fig. 2E](#f2-mmr-16-02-1810){ref-type="fig"}). In contrast, cells of the untreated group appeared to present normal histological profile. The kidney injury score was higher in the treatment groups when compared with the sham group at 24 h following I/R injury ([Fig. 2E](#f2-mmr-16-02-1810){ref-type="fig"} and data not shown).

### Effect of niclosamide on renal function in rats with I/R injury

The level of kidney function was evaluated by measuring the levels of serum creatinine and BUN. Treatment with niclosamide and rapamycin and was associated with improvedkidney function, as reflected in the decreased kidney injury scorewhen compared with the I/R group ([Fig. 3A](#f3-mmr-16-02-1810){ref-type="fig"}). In addition, a decrease in the level of creatinine and BUN in niclosamide and rapamycin treatment groups was observed compared with the I/R group (P\<0.05; [Fig. 3B and C](#f3-mmr-16-02-1810){ref-type="fig"}). By contrast, treatment with the autophagy inhibitor 3-MA, was associated with an increased kidney injury score ([Fig. 3A](#f3-mmr-16-02-1810){ref-type="fig"}). When compared with the I/R injury group, creatinine and BUN levels were increased in the 3-MA treatment group ([Fig. 3B and C](#f3-mmr-16-02-1810){ref-type="fig"}).

### In vivo expression of beclin-1 following I/R injury

As shown in [Fig. 4](#f4-mmr-16-02-1810){ref-type="fig"}, administration of niclosamide (25 mg/kg) induced a marked increase in the level of beclin-1 when compared with the sham group, and the expression of beclin-1 was comparable to that observed in the rapamycin (10 mg/kg) treatment group. However, the expression was limited following treatment with the autophagy inhibitor 3-MA (15 mg/kg). Immunostaining of renal tissues with the beclin-1 antibody indicated clear regions of beclin-1 expression, which is a characteristic indicator of autophagosomes. The expression of beclin-1 around the renal cortical and outer medulla regions was higher in tissues from rats with I/R injury when compared with the sham group. Furthermore, beclin-1 expression was higher and more dispersed in the niclosamide group compared withthe I/R group.

### Ultrastructural studies

Autophagy levels in renal tissueswereexamined by electron microscopy by examining the number of autophagosomes and additional autophagic vacuoles. No consistent autophagic vacuoles were observed in the shamgroup, however, numerous autophagic vacuoles were observed in the proximal tubular cellsin the treated (I/R) groups ([Fig. 5](#f5-mmr-16-02-1810){ref-type="fig"}). Under high magnification (x10,000), the autophagic vacuoles possessed a double-membrane structure in the cytoplasm, which is a characteristic of autophagosomes ([Fig. 5](#f5-mmr-16-02-1810){ref-type="fig"}). In addition, the double-membrane structure in the cytoplasm was observed to contain mitochondria and additional cytoplasmic components, includingfragments of the endoplasmic reticulum. Morphometric analysis revealed 1.48 autophagic vacuoles/100 µm cytoplasmin the sham group, 1.2 in the 3-MA group, 2.1 in the I/R group, 5.23 in the niclosamideand 5.9 in the rapamycin treatment groups. Therefore, there was an increased number of autophagosomes in the niclosamide and rapamycin treatment groups.

Discussion
==========

I/R is a major underlying cause of AKI development in native and allograft kidney transplants ([@b34-mmr-16-02-1810]). The incidence of AKIin hospitalized patients has increased, due to the lack of preventive and curative measures ([@b35-mmr-16-02-1810]). The complex pathogenesis of AKI is the result of I/R injury-induced effects on vascular endothelial cells, tubular epithelial cells, and immune cells ([@b36-mmr-16-02-1810]). The effects are characterised by an accumulation of waste products, such as urea and nitrogen, in the cells, alterations in extracellular fluid volume, electrolyte and acid-base balance ([@b35-mmr-16-02-1810]), damage of endothelial cells, necrosis and apoptosis of tubular cells and inflammation ([@b37-mmr-16-02-1810]). In the present study, the effects of niclosamide on renal I/R injury was investigated to determine whether it may serve a protective role by regulating the level of inflammatory cytokines and apoptosis via activation of autophagy in a rat model of renal I/R injury.

Autophagy, a self-destructive response of cells to stress, leads to degradation of endogenous cellular protein aggregates and damaged organelles by lysosomes ([@b38-mmr-16-02-1810]). Previous reports have identified increased levels of autophagy-associated proteins, including LC3-II and beclin-1, in the renal tubules of rats with I/R injury ([@b26-mmr-16-02-1810],[@b27-mmr-16-02-1810]). LC3 is converted into LC3-I, following proteolytic cleavage at the C-terminal region by autophagy-related protein-4. LC3-I is then transformed by the lipid phosphatidyl ethanolamine to LC3-II. LC3-II is deployed and attaches to the membrane of an autophagosome. LC3-II remains attached to the membrane, until the autophagosome fuses with a lysosome ([@b39-mmr-16-02-1810],[@b40-mmr-16-02-1810]). Beclin-1 serves a pivotal role in the formation of autophagosome, and has been reported to improve the fusion of the autophagosome and lysosome ([@b41-mmr-16-02-1810],[@b42-mmr-16-02-1810]). The results of the present study are consistent with earlier reports regarding the activation of autophagy-associated proteins, namely LC3-II and beclin-1, in the renal tubules of rats with I/R injury ([@b26-mmr-16-02-1810],[@b27-mmr-16-02-1810]). Autophagy is mediated by LC3-II and beclin-1 and a series of regulatory proteins, which serve an important role during the progression of autophagy through different steps; namely the formation of autophagosome, followed by its fusion with lysosome and the final release of degraded products ([@b38-mmr-16-02-1810]). In a rat model of kidney I/R injury, LC3- and LAMP2-positive vacuoles were observed to aggregate in cells, thereby indicating fusion between autophagosomes and lysosomes ([@b39-mmr-16-02-1810]). Therefore, LAMP2 may be required for effective fusion ([@b43-mmr-16-02-1810],[@b44-mmr-16-02-1810]). Additionally, Rab7 has been reported to be required for the fusion of autophagosomes and lysosomes, and for the full development of autophagosomes ([@b45-mmr-16-02-1810]). In the present study, LC3-II, beclin-1, LAMP2 and Rab7 expression levels were increased following induction of renal I/R injury in rats, when compared with the sham group. In the current study, the effects of niclosamide, rapamycin (an activator of autophagy) and 3-MA (an inhibitor of autophagy) were evaluated in a rat model of renal I/R injury. Compared with the sham group, niclosamide and rapamycin treatment increased the expression of LC3-II, beclin-1, LAMP2 and Rab7. In the present study, rats in the I/R injury group demonstrated an increase in kidney injury scores, as well as the levels of creatinine and BUN at 24 h, when compared with the sham group. AKI was associated with the increased expression of autophagy-associated proteins, including LC3-II, beclin-1, LAMP2 and Rab7 at 24 h following induction of renal I/R injury. Therefore, the results demonstrating then iclosamide-induced increase in the expression of autophagy-associated proteins, decreased kidney injury scores and reduced levels of creatinine and BUN, suggest that it may serve a protective role against renal I/R injury in rats, potentially via the induction of autophagy.

Renal I/R injury has been reported to induce an inflammatory response by triggering the innate and adaptive immune systems, followed by infiltration of leukocytes to the site of inflammation and activation tubular epithelial cells ([@b46-mmr-16-02-1810],[@b47-mmr-16-02-1810]). The infiltration of leukocytes, including neutrophils and macrophages, in the damaged renal tissue promotes the secretion of pro-inflammatory cytokines ([@b48-mmr-16-02-1810]). The infiltrated neutrophils and macrophages reduce blood flow in kidney, resulting dysfunction of the microcirculation ([@b49-mmr-16-02-1810],[@b50-mmr-16-02-1810]). The levels of pro-inflammatory cytokines, including IL-1β, IL-6, TNF-α and HMGB1, have been reported to significantly increase following renal I/R injury in rats, which demonstrates that cytokines may be used as an indicator of severity of kidney damage ([@b51-mmr-16-02-1810]). In the present study, rats in the renal I/R injury group demonstrated an increase in the levels of pro-inflammatory cytokines TNF-α, IL-6 and HMGB, and a reduction in the levels of the anti-inflammatory cytokine IL-10 at 24h post-renal I/R injury, when compared with the sham group. In the treated renal I/R injury groups, niclosamide and rapamycin decreased the levels of TNF-α, HMGB1 and IL-6 and promoted the release of IL-10 when compared with the untreated I/R group. By contrast, 3-MA treatment was associated with the opposite effect on the expression of these cytokines when compared with the untreated I/R group. Therefore, niclosamide reduces the renal I/R injury-induced inflammatory response in AKI.

In conclusion, in a rat model of renal I/R injury, niclosamide was observed to induce autophagy and an inflammatory response, as well as decrease kidney injury scores and the levels of creatinine and BUN. This agent may thereforeserve a protective role during AKI by regulating the levels of pro-inflammatory and anti-inflammatory cytokines, potentially via I/R injury-induced autophagy. An exploratory clinical trial involving the incorporation of niclosamide in the treatment protocol will be required to investigate these findings further.
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